The oxygen-evolving complex (OEC) in photosystem II (PS II) was studied in the S 0 through S 3 states using 1s2p resonant inelastic X-ray scattering spectroscopy. The spectral changes of the OEC during the S-state transitions are subtle, indicating that the electrons are strongly delocalized throughout the cluster. The result suggests that, in addition to the Mn ions, ligands are also playing an important role in the redox reactions. A series of Mn IV coordination complexes were compared, particularly with the PS II S 3 state spectrum to understand its oxidation state. We find strong variations of the electronic structure within the series of Mn IV model systems. The spectrum of the S 3 state best resembles those of the Mn IV complexes Mn 3 IV Ca 2 and saplnMn 2 IV (OH) 2 . The current result emphasizes that the assignment of formal oxidation states alone is not sufficient for understanding the detailed electronic structural changes that govern the catalytic reaction in the OEC.
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ABSTRACT: The oxygen-evolving complex (OEC) in photosystem II (PS II) was studied in the S 0 through S 3 states using 1s2p resonant inelastic X-ray scattering spectroscopy. The spectral changes of the OEC during the S-state transitions are subtle, indicating that the electrons are strongly delocalized throughout the cluster. The result suggests that, in addition to the Mn ions, ligands are also playing an important role in the redox reactions. A series of Mn IV coordination complexes were compared, particularly with the PS II S 3 state spectrum to understand its oxidation state. We find strong variations of the electronic structure within the series of Mn IV model systems. The spectrum of the S 3 state best resembles those of the Mn IV complexes Mn 3 IV Ca 2 and saplnMn 2 IV (OH) 2 . The current result emphasizes that the assignment of formal oxidation states alone is not sufficient for understanding the detailed electronic structural changes that govern the catalytic reaction in the OEC.
T he oxygen-evolving complex (OEC) located in the photosystem II (PS II) membrane-bound protein in plants, algae, and cyanobacteria catalyzes the water-oxidation reaction. 1 The OEC, an oxo-bridged complex of four Mn and one Ca ions (Mn 4 CaO 5 cluster), couples the four-electron chemistry of water oxidation with the one-electron photochemistry of the reaction center by sequentially storing oxidizing equivalents through five intermediate S states (S i , i = 0−4), before one molecule of dioxygen is evolved. The Mn 4 CaO 5 cluster provides a high degree of redox and chemical flexibility so that several oxidizing equivalents can be stored during the S-state cycle. To understand the mechanism of water oxidation in detail, it is crucial to understand the changes of the electronic structure in the OEC over the whole course of the catalytic cycle. 2 There is a consensus that Mn-centered oxidation occurs during the S 0 to S 1 and S 1 to S 2 transitions. However, there has been a long debate regarding the nature of the S 2 to S 3 transition. 5 This incomplete understanding of the S 2 to S 3 transition has led to two different types of proposed O 2 evolution mechanisms; one incorporating the nucleophilic attack of highvalent Mn and the other involving oxo radicals. 2, 6 Fundamental differences in the chemistry of O−O bond formation and O 2 evolution exist between the two types of mechanisms.
In our earlier resonant inelastic X-ray scattering (RIXS) study, it was shown that the electron in the S 1 to S 2 transition is removed from a strongly delocalized orbital, indicating strong covalency within the Mn 4 CaO 5 cluster and that the oxidation therefore cannot be assigned to just one Mn atom in the OEC. 7 In the current study, we present RIXS data on PS II from S 0 through S 3 states of the OEC. We compared the S 3 spectrum with model compounds, where Mn has the formal oxidation state IV, with different nuclearities, types of ligands, and geometries.
In 1s2p RIXS spectroscopy (Scheme S1 in SI), a Mn 1s electron is excited into the lowest unoccupied molecular orbitals (LUMOs). The orbitals have mainly Mn 3d character mixed with Mn 4p and ligand orbitals. The electronic configuration can be approximated by 1s 1 3d
n+1 , and the spectral features are the K absorption preedge. The excited states decay and release a photon whose energy is recorded in order to obtain the energy retained (energy transfer). The most probable transition is 2p to 1s to reach the final state configuration 2p
, which is formally identical with that of L-edge spectroscopy.
RIXS spectra are shown as a two-dimensional contour plots (c.f. IV species does not provide a single unique spectroscopic fingerprint. The spectral shape is strongly influenced by the local density of unoccupied electronic states. The K absorption preedges obtain spectral intensity from electric dipole and quadrupole transitions depending on the local symmetry. Therefore, the spectral intensity may vary considerably depending on the number and type of ligands. 8 The coordination complexes in Figure 1 all have six-coordinated Mn, and the ratio between the dipole and quadrupole contributions to the preedge will vary little. We attribute intensity variations to modifications in the composition of the molecular orbitals.
The overall trend observed in the 1s2p RIXS planes is a shift of the spectral intensity to higher energies with increasing positive charge on the metal. The solid-state system Mn IV O 2 ( Figure 1h ) has its highest energy peak at 6542.9 eV, representing the most ionic form of Mn IV possibly induced by the extended structure of the Mn−O lattice. The Mn IV coordination complexes ( Figure  1b−g) 9 are distinctly different from the oxides. They show three main spectral features in the energy range of 6539−6544 eV. The low-energy feature at 6541 eV (indicated as 1 in Figure 1b) is sharper than the structures at higher energies. It corresponds to the excitation of the 1s electron into LUMOs that are localized and therefore exhibit a more atomic character. The effect of the ligand environment becomes more dominant toward higher energies (6541−6544 eV, indicated as 2 in Figure 1b) , resulting in broader spectral features due to the orbital splittings. The intensity around 6542 eV appears to be off-diagonal (indicated as 3 in Figure 1b) , shifted toward higher energy transfer, which is caused by strong (2p,3d) electron−electron interactions. Figure 1e) show maximum intensity at higher energies (6541−6544 eV), as opposed to other compounds (e.g., Figure 1b,f) . In all cases, the di-μ-oxo bridge is not protonated. This confirms that the bridging ligand including its degree of protonation has a strong influence on the electronic structure around Mn. The subtle differences at higher energies observed among the three compounds reflect the orbital modifications at the Mn sites when replacing N with O (SI, Figure S1 ) and slightly changing the bond distances and angles. Pure S 0 , S 1 , S 2 , and S 3 spectra shown in Figures 1 and 2 were obtained by deconvolution of the flash-illuminated samples using the calculated S-state distribution from electron paramagnetic resonance (EPR; see the SI, Figure S2a−c) . Within the series of PS II data, we observe a small shift of the spectral intensity to higher energies between S 0 and S 3 , confirming oxidation at the Mn sites during the catalytic cycle. 7 This is also observed in the XAS preedge spectra, as shown in Figure 2 . A low-energy shoulder appears in the S 0 preedge spectrum, which is seen as a low-energy component in the RIXS S 0 spectrum (Figure 1) . Upon the S 0 to S 1 transition, the low-energy shoulder in the preedge spectra (Figure 2 ) becomes weaker and the spectrum can be fitted with two strong components (∼6541.1 and ∼6542.8 eV) in the S 1 to S 3 states. Note that the instrumental resolution for the PS II RIXS data in Figure 1 is lower compared to that of the model compounds because the data were recorded at different experimental stations. However, the striking observation upon comparison of the PS II and model compound data is that the spectral changes during the PS II catalytic cycle ( Figure  1 ) are considerably weaker than the spectral differences among the Mn IV coordination complexes. In the S 0 state, two different formal oxidation states, II,III,IV 2 and III 3 ,IV, have been proposed from the previous EPR, 10 X-ray absorption near-edge structure, 5 and other studies. Recent 55 Mn ENDOR studies 3 have shown that the data are compatible with the formal oxidation state of III 3 ,IV. In RIXS, Mn II compounds show a characteristic feature due to the strong stabilizing energy of a 3d 5 5 S valence-shell configuration at around ∼6540 eV. Unlike Mn IV model compounds, Mn II in both the oxide (Mn II O; Figure 1a ) and coordination complexes (not shown here) have very similar spectral features. 7 In the S 0 state, both RIXS and XAS data show spectral intensity at low energies (∼6540 eV), which could indicate a contribution of Mn II . This low-energy component becomes weak in the S 0 to S 1 transition. However, Mn III compounds may also show a low-energy feature around ∼6540 eV that originates from strong (3d, 3d) electron−electron interactions. Figure 1h ). The OEC goes through four redox states during the S 0 to S 3 transitions. Our study shows that the RIXS spectral changes in PS II are considerably weaker than the changes observed within the Mn IV coordination complexes. They are also weaker than the spectral changes between manganese oxides. 7 We, therefore, conclude that redox reactions of the OEC must be considered within the entire Mn 4 CaO 5 entity. Namely, the ligands participate in the charge balancing. A description of the electronic structure at the Mn sites thus has to go beyond the assignment of formal oxidation states. We note that this does not contradict other studies such as EPR and ENDOR because a different response is probed in the various techniques.
We have shown that the formal oxidation states may be insufficient for describing the complex nature of the electronic structure in multinuclear clusters like the Mn 4 CaO 5 cluster in PS II. Electrons are strongly delocalized in the Mn 4 CaO 5 cluster, and ligands may be intimately involved in the redox chemistry. As a consequence, the Mn RIXS spectral changes are subtle during the S-state transitions. Of the two main mechanisms that are being considered for the O−O bond formation catalyzed by the OEC, one involves the generation of a Mn V -oxo group in the final step when the O−O bond is formed, and the alternate mechanism involves delocalization of the charge onto a ligand and the subsequent chemistry of O−O bond formation. 6 The current results show that the change of the electronic charge includes the ligands in all S-state transitions. Therefore, the mechanisms that rely on delocalization of charge on the ligands may become more relevant, and any proposed mechanism requires one to take this into account. Such delocalization may play a role during the O− O bond formation step in the S 4 state.
